The extensional history of the Malad and Bannock ranges in southeast Idaho and northern Utah involves multiple phases of Tertiary normal faulting and synextensional deposition. Detailed geologic mapping, structural and stratigraphic analyses, and geochronologic data from this study elucidate previously defined deformational events in the region, and define two new extensional episodes.
INTRODUCTION
Rocks in southeast Idaho have undergone a complex, multistage Cenozoic extensional history, which has left behind an incomplete structural and stratigraphic record. The Miocene-Pliocene Salt Lake Formation, which is the primary sedimentary record of Late Cenozoic extension in southeast Idaho and northern Utah, crops out in multiple basins throughout the region (Fig. 1) . Recent studies have provided radiometric and tephra correlation ages showing that the Salt Lake Formation ranges from Middle Miocene to Pliocene in age (Perkins et al., 1995; Perkins et al., 1998; Goessel et al., 1999; Janecke and Evans, 1999; Oaks et al., 1999; Crane, 2000; Pope et al., 2001; Carney, 2002; Perkins and Nash, 2002; DeVecchio, 2002; Janecke et al., 2003; Long, 2004; Steely et al., 2005) . These and other studies of the formation (Mansfield, 1927; Danzl, 1982 Danzl, , 1985 Sacks and Platt, 1985; Link and Stanford, 1999; Rodgers et al., 2002; Biek et al., 2003; Kruger et al., 2003) have helped to characterize the structural and stratigraphic development of Late Cenozoic extensional basins south of the eastern Snake River Plain. However, despite these advances, questions still remain regarding Miocene-Pliocene paleogeography, correlation among isolated Salt Lake Formation exposures, and the Late Cenozoic extensional development of this area of Idaho and Utah.
To better document the deformational timing and style that characterized extension in this region, a geologic mapping study focusing on structural geology and stratigraphy was completed (Long, 2004) . The map area is located in southeast Idaho, ~110 km south of Pocatello, near the Idaho-Utah border (Fig. 1) . This paper and the 1:24,000-scale geologic map of the Henderson Creek 7.5-minute quadrangle present new data relating to the Late Cenozoic extensional history of the area, particularly the structural, stratigraphic, and age relations of the Salt Lake Formation and other synextensional units (Fig. 2) , including the discovery of previously unmapped facies changes associated with PaleoceneEocene (?) and Miocene syndepositional tectonism. This paper also documents the style, geometry, and kinematics of associated map-scale faults and folds and introduces new interpretations for structures of Paleocene-Eocene (?) to Pliocene-Quaternary age. New Tertiary unit subdivisions, tephra correlation ages, and U-Pb SHRIMP detrital zircon ages are used to document the tectonic setting and timing of deposition, to compare our results to data from other studies (Janecke and Evans, 1999; Carney, 2002; Janecke et al., 2003) , and to help categorize extensional events into temporal phases.
REGIONAL GEOLOGY

Pre-rift Geology
Bedrock strata in the Bannock and Malad ranges include volcanic and sedimentary rocks of the Neoproterozoic Pocatello Formation and Brigham Group and westward-thickening Neoproterozoic and Paleozoic sedimentary rocks of the Cordilleran miogeocline (Armstrong and Oriel, 1965) . These strata were deformed and translated to the east along west-dipping thrust faults during the Cretaceous to Paleocene Sevier orogeny (Armstrong and Oriel, 1965; Coogan, 1992) . The study area is in the hanging wall of the Paris thrust, which is the westernmost major thrust of the Idaho-Wyoming-Utah fold-andthrust belt (Allmendinger, 1992) .
The Wasatch Formation is the name given to red-colored, syn-and post-thrust continental strata of the Sevier fold-and-thrust belt (Hayden, 1869; Veatch, 1907; Oriel and Tracey, 1970) . In western Wyoming, the unit is syntectonic with movement on the Hogsback thrust fault, the youngest and easternmost of major Sevier thrusts in the region (DeCelles, 1994) . However, strata correlated with the Wasatch Formation also exist in the hanging walls of older structures to the west, including the Absaroka, KEYWORDS: Bannock detachment system, Basin and Range province, extensional fold, Malad Range, Salt Lake Formation, SHRIMP geochronology, southeast Idaho, tephra correlation, Wasatch fault, Wasatch Formation. Formation mapping studies are shown. Bannock detachment system low-angle normal faults are only exposed on Oxford Ridge, but probably underlie much of the map area. Map modified from Janecke et al. (2003) ; inset modified from Janecke and Evans (1999) . B a n n o c k (Axtell, 1967; Coogan, 1992; Oaks and Runnells, 1992; Goessel et al., 1999; Janecke and Evans, 1999; Carney, 2002; Biek et al., 2003; Long, 2004) . The age and stratigraphic relationships between isolated exposures within the hanging wall of the Paris-Putnam thrust and the main body of the unit in western Wyoming have not been synthesized, but the formation appears to record syndepositional Paleocene-Eocene (Jacobson and Nichols, 1982; Lamerson, 1982; Bryant, 1990; DeCelles, 1994) extension and formation of northand east-striking horsts and grabens (Oaks and Runnells, 1992) .
TERTIARY EXTENSION AND DEPOSITION IN SOUTHEAST IDAHO
Late Cenozoic Extension and the Salt Lake Formation
In southeast Idaho, Sevier contraction was followed by Cenozoic extension and the formation of the Basin and Range province. Extension was accommodated through multiple generations of predominantly north-striking normal faults and the development of basins that filled with synextensional deposits of the Salt Lake and Starlight Formations. The name Salt Lake Formation refers to tuffaceous Middle Miocene to Lower Pliocene fluvial and lacustrine strata in southern Idaho and northern Utah (Mansfield, 1920; Oriel and Platt, 1980; Ore, 1982; Miller, 1991; Janecke and Evans, 1999; Link and Stanford, 1999; Goessel et al., 1999; Oaks et al., 1999; Rodgers et al., 2002; Janecke et al., 2003; Biek et al., 2003) . The Starlight Formation is the name for correlative, more ash-rich deposits closer to the eastern Snake River Plain (Trimble, 1976; Trimble and Carr, 1976) .
The style, geometry, and magnitude of extension that produced the Salt Lake Formation basins vary regionally. Adjacent to the eastern Snake River Plain, two Middle Miocene to Recent extensional phases resulted in ~21% extension across southeastern Idaho by domino-style normal faulting (Rodgers et al., 2002) . The first stage, between 15.7 and 9 Ma, produced shallow basins with less than 1,000 m of fill and involved relatively minor extension. During this period, between 16 and 10 Ma, Yellowstone hot spot volcanism was centered to the west at the OwyheeHumboldt volcanic center, and between 10 and 8.6 Ma, at the Twin Falls volcanic field ( Fig. 1) (Pierce and Morgan, 1992) . The second and more significant stage of extension near the eastern Snake River Plain took place from ~9 Ma to the present (Rodgers et al., 2002) , and resulted in thicker sequences of basin fill. Ages of the fill indicate that extension migrated to the northeast, in front of and adjacent to the Yellowstone hot spot, at roughly the same rate of motion as the hot spot relative to North America (Allmendinger, 1982; Rodgers et al., 2002) .
About 100 km to the south, in the Bannock and Malad ranges of Idaho, and in Cache Valley of northern Utah, a different structural style and magnitude of extension is interpreted. Recent studies in these areas (Janecke and Evans, 1999; Carney, 2002; Janecke et al., 2003; Long, 2004; Steely et al., 2005) interpret Late Miocene-Pliocene (~10-4 Ma) extension along low-angle normal faults of the regional Bannock detachment system. Low-angle faults of this system strike north-northwest, dip ~15° west on average, and are only exposed along Oxford Ridge in the southern Bannock Range (Fig. 1) (Link, 1982a, b; Carney et al., 2002; Carney, 2002; Steely et al., 2005) . These structures were originally interpreted as contractional (Oriel and Platt, 1979) and later as Mesozoic extensional faults (Link, 1982a, b) . They are now interpreted to have been active in the Late Miocene-Pliocene because the faults cut the ~10.2-4-Ma Salt Lake Formation (Janecke and Evans, 1999; Carney, 2002; Janecke et al., 2003) . The low-angle faults are interpreted to connect with a proposed breakaway fault zone located ~20 km to the east in Cottonwood Valley (Fig. 1) . Overall, the Bannock detachment system accommodated ~15 km of top-tothe-west extension, or 50% extension for the region Carney and Janecke, 2005) . The Bannock detachment system is proposed to have originated from extensional collapse of the CachePocatello culmination, a large fault-bend fold that formed above a ramp in the Paris thrust during Sevier thrusting (Rodgers and Janecke, 1992; Carney, 2002; Steely et al., 2005) .
Four units of the Salt Lake Formation, which record the structural and stratigraphic evolution of hanging-wall basins of the detachment system, were defined in the Bannock and Malad ranges in previous studies ( Fig. 2) (Janecke and Evans, 1999; Carney, 2002; Janecke et al., 2003) . In ascending order, these include: (1) the Skyline Member conglomerate; (2) the Cache Valley Member (base at ~10.2 Ma), a tuffaceous and carbonate deposit of a regional-scale lacustrine basin; (3) the Third Creek Member conglomer-ate; and (4) the New Canyon Member conglomerate. The two younger conglomerate members were deposited in local half-grabens after 10.13 Ma. Clast counts obtained from the conglomerate units have documented progressive unroofing of Paleozoic and Proterozoic strata on Oxford Ridge by the detachment system Steely et al., 2005) .
The youngest normal faults in the Idaho-Utah border region are the Pliocene-Quaternary, highangle basin-and-range faults that control the modern physiography. These faults accommodated ~10% east-west extension, for a total of 60% extension (including the Bannock detachment system component) in the Idaho-Utah border region since the Late Miocene (Carney, 2002; Carney and Janecke, 2005) . Major faults from this set include the Dayton-Oxford fault on the west side of Cache Valley, the Deep Creek fault on the west side of the Clifton horst, the East and West Cache faults in central and southern Cache Valley, and the Wasatch fault, which bounds the western side of the Malad Range (Fig. 1) .
METHODS
Interpretations of the structural and stratigraphic evolution of the southern Malad Range in this study are based on geologic mapping and photo-geologic interpretation in the Henderson Creek 7.5-minute quadrangle ( Fig. 3) . Unit thicknesses and estimates for the percent extension associated with deformational events were obtained from geologic cross sections of the quadrangle (Fig. 4) . Clast counts, which involved dividing 100 randomly counted clasts into distinct lithologic groups, were collected from outcrops of conglomerate units of the Salt Lake Formation and from float of loose clasts where no outcrop was available.
Age determinations for units of the Salt Lake Formation were obtained by tephra correlation of volcanic ash samples. Fifteen samples collected in this study were analyzed using the methods of Perkins et al. (1995 Perkins et al. ( , 1998 . Approximately 20 glass shards per sample were analyzed using an electron microprobe to obtain the percent elemental composition of 13 major elements. Glass shard compositions were then correlated with a database of elemental compositions of regional tuff beds, which had either been directly dated with 40 Ar/
39
Ar methods or had an estimated age based on linear interpolation between dated samples.
Eight of the fifteen samples collected in this study were successfully correlated with known ashes. In addition, five other samples from the study area were collected, analyzed, and correlated prior to the beginning of this project (Janecke and Perkins, unpublished data) . The results of the 13 successful tephra correlations are presented in Figure 6 , shown geographically in Figure 3 , and shown stratigraphically in Figure 5 . Most ashes are from Yellowstone hot spot eruptions and were probably sourced from the Twin Falls and Bruneau-Jarbridge volcanic fields (Fig. 1) .
One tuffaceous sandstone sample from the top of the Skyline Member (37SL03) was analyzed by U-Pb SHRIMP detrital zircon geochronology at the Australian National University, using methods described by Williams (1998) and references therein. Sixty detrital zircon grains were dated, and the results are shown in Figure 7 and Table 1 .
STRATIGRAPHY
Pre-Miocene Stratigraphy
Bedrock units in the Henderson Creek quadrangle include sedimentary rocks of the NeoproterozoicCambrian Brigham Group and Cambrian-Devonian sedimentary rocks of the Cordilleran miogeocline (Figs. 3 and 4) . The most common lithologic units are limestone and dolomite, but shale, feldspathic sandstone, and quartzite units are also present. The full section of Neoproterozoic and Paleozoic rocks exposed within the study area has a post-erosional thickness of ~3,000 m (Long, 2004) .
The Paleocene-Eocene (Jacobson and Nichols, 1982; Lamerson, 1982; Bryant, 1990 ) Wasatch (?) Formation is exposed in the north half of the map area and lies unconformably and in fault contact on Ordovician, Silurian, and Devonian map units (Fig.  3) . The formation consists of a pebble-to-cobble conglomerate with a red, mud-rich matrix, which is overlain by mud-rich, unconsolidated beds containing abundant white quartzite boulders up to 6 m in diameter. The maximum exposed thickness of the Wasatch (?) Formation is 189 m, just north of the Willow Spring fault, but the formation abruptly pinches out to the north, and is very thin or absent along the basal Tertiary unconformity south of this fault. We correlate these deposits in the Malad Range with the Wasatch Formation of the Sevier orogenic belt based on the following similarities. The conglomerate Figure 2. Regional stratigraphic correlation chart for the Salt Lake Formation, showing results from ten studies in southeast Idaho and northern Utah. The stratigraphic column for this study (modified from Long, 2004 ) is shown on the right. Chart modified from Kruger et al. (2003) . unit has a similar conglomeratic-to-muddy lithology, similar distinctive red color, the same stratigraphic position below the Salt Lake Formation, and is distinct from the overlying Salt Lake Formation because it lacks ash (Oaks and Runnells, 1992; Goessel et al., 1999; Biek et al., 2003) . However, no biostratigraphic or geochronologic data are available to confirm this correlation, and we therefore query the name of the deposits.
TERTIARY EXTENSION AND DEPOSITION IN SOUTHEAST IDAHO
Most clasts in the Wasatch (?) Formation conglomerate unit are Silurian and Devonian limestone and dolomite, and are interpreted as locally derived. However, ~20% of clasts consist of tan sandstones and red siltstones of unknown provenance. It is possible that these clasts are derived from the Jurassic Nugget Formation to the east of the map area, or the Pennsylvanian and Permian Oquirrh Formation to the west of the map area. Clasts in the overlying boulder-rich deposits are composed entirely of locally derived Lower Paleozoic clasts.
In the study area, the Wasatch (?) Formation is interpreted as a synextensional deposit related to an east-striking Paleocene-Eocene (?) normal fault set, which contrasts with its syn-thrust origin in western Wyoming and northern Utah (Coogan, 1992; DeCelles, 1994) . The conglomerate unit is interpreted to represent deposits of a stream system that flowed parallel to and north of a basin-bounding fault, and the overlying boulder beds are interpreted as locally derived debris-flow and alluvial-fan gravels (Long, 2004) . Prior to this study, only Oaks and Runnells (1992) have associated the Wasatch Formation with normal faulting.
Miocene Stratigraphy
Introduction
The Middle Miocene to Pliocene Salt Lake Formation represents Late Cenozoic synextensional deposition. The cumulative thickness of the Salt Lake Formation varies between 600 and >1690 m in the study area, but exceeds 2 km in the Clifton quadrangle to the northeast (Carney, 2002) , and 2.7 km in the Weston Canyon quadrangle to the east (Steely et al., 2005) . Within the study area, the Salt Lake Formation is divided into four separate map units (Fig. 5 ). These include: (1) the Skyline Member conglomerate north of the Willow Spring fault; (2) an unnamed lower conglomerate unit south of the Willow Spring fault; and (3) the lacustrine Cache Valley Member, which interfingers with, (4) the Third Creek Member con- S. P. LONG, P. K. LINK, S. U. JANECKE, M. E. PERKINS, AND C. M. FANNING glomerate. All units except for the unnamed conglomerate were defined in previous studies in the Bannock and Malad ranges (Janecke and Evans, 1999; Carney, 2002; Janecke et al., 2003) . The total age range of the Salt Lake Formation within the map area is ~11.9-<9.2 Ma (Fig. 6) . However, north and northeast of the study area, Salt Lake Formation deposits have been dated between 5.1 and 4.5 Ma, and may possibly be as young as 2 Ma (Janecke and Evans, 1999; Carney, 2002; Janecke et al., 2003) .
Skyline Member
The Skyline Member, originally defined in the Malad City East quadrangle to the north (Janecke and Evans, 1999) , is the oldest unit of the Salt Lake Formation. This unit is only exposed in the north end of the study area, in a half-graben bounded by the Late Miocene Red Knoll, Trespass, and Spring Trail syntectonic normal faults (Fig. 3) . This member consists of poorly exposed, tuffaceous, pebble-to-cobble conglomerate with interbedded tephra and micritic limestone. Tuffaceous matrix material is generally gray or white but is locally altered to green. In rare exposures, medium bedding is most common and beds are more commonly matrix-supported than clast-supported. The thickness of the Skyline Member is estimated from cross section to be up to 685 m. The unit has an age range between 11.93 ± .03 Ma and 10.31 ± .08 Ma, accord- Figure 6 . Chart of successful tephra correlations, showing the sample name, UTM location, estimated stratigraphic location (unit abbreviations are listed on Fig. 3) , tuff bed correlation, and correlated age for each sample. Regional ash names from Perkins et al. (1998) are shown where available, and correlative ash bed names are listed. Correlative ash bed names and GPS locations are unknown for some samples. Samples with an SL03 designation were collected and analyzed for this study; samples with an suj97 designation were collected and analyzed prior to this study (Janecke and Perkins, unpublished data) . Sample 33SL03 is the 10.21 ± .03 Ma (Morgan and McIntosh, 2005) tuff of Arbon Valley; this sample was not analyzed, but we are confident of its identification, based on presence of biotite and regional stratigraphy of the Cache Valley Member. Ages with asterisk (*) are interpolated age estimates of possible correlative tephra; all other ages are 40 Ar/
39
Ar dates of possible correlative tephra. ing to tephra correlation data from three ashes (Fig. 6 ) and the 60 detrital zircon ages (Fig. 7 , Table 1 ). The Skyline Member lies unconformably on Paleocene-Eocene (?) and Lower Paleozoic units, and its depositional upper contact with the Cache Valley Member is abrupt (Fig. 5) .
Clasts of the Skyline Member are almost entirely composed of locally derived lower Paleozoic carbonates, quartzite, and chert (Fig. 8A) . The Skyline Member is interpreted as an alluvial fan deposit. Based on its poor sorting, clast angularity, locally oversized clasts, and matrix-supported beds, it is interpreted to be the result of braided-stream and debris-flow processes, in accord with earlier interpretations (Janecke and Evans, 1999) . The presence of abundant ash from the Yellowstone hot spot, along with dull gray and white matrix color, distinguishes the Skyline member from the underlying Wasatch (?) Formation.
We sampled a coarse-grained, green, reworked tuffaceous sandstone (sample 37SL03) located near the top of the Skyline Member for tephra correlation and detrital zircon analysis. Analyses were done using the SHRIMP (Sensitive High Resolution Ion Microprobe) at the Australian National University, using standard techniques for detrital zircon samples (Williams and Claesson, 1987; Compston et al.,1992; Williams, 1998; Link et al., 2005) . Each analysis consisted of four scans through the mass range. The data were reduced in a manner similar to that described by Williams (1998, and references therein) , using the SQUID Excel Macro of Ludwig (2003) .
The 60-grain detrital zircon plot (Figs. 7A and B Table 1 ). Two ~11-Ma grains constrain the oldest possible age of the sample. Surprisingly, the best tephra correlation for 18 glass shards in the same sample is with a 10.31 ± .08-Ma tuff (Fig. 6) . Since the shards are younger than the bulk of the zircons, this suggests that the sample represents mixing of detrital zircons from a stream system draining Proterozoic, Eocene, and Miocene (14.5-11 Ma) sources, with glass shards (but no zircons) derived from a 10.3-Ma fallout tuff eruption.
The closest and most likely source area for the ~14.5-Ma detrital zircons is the 12.5-15-Ma Owyhee-Humboldt volcanic field of southwestern Idaho (Fig. 1) . The Proterozoic zircons may have been sourced from Paleozoic strata of southern Idaho that contain these recycled zircons, or from uplifted Proterozoic metamorphic rock, possibly from the Albion-Raft River core complex (Link et al., 2005) . We suggest that this sample represents mixing of zircons from a fluvial system that drained eastward from northern Nevada and southwest and south-central Idaho Beranek, 2005) , with fallout tuff from a 10.3-Ma eruption.
Lower conglomerate unit
The lower conglomerate unit of the Salt Lake Formation is a poorly exposed, tuffaceous, pebbleto-cobble conglomerate that crops out only in the southern half of the map area, south of the Willow Spring fault (Fig. 3) . While no tephra beds from this unit were sampled, it lies stratigraphically below an ash that was lithologically correlated to the distinctive 10.21 ± .03-Ma (Morgan and McIntosh, 2005) S. P. LONG, P. K. LINK, S. U. JANECKE, M. E. PERKINS, AND C. M. FANNING and 6). Bedding is medium-to-thick, and matrix-supported beds are more common than clast-supported beds. Like the Skyline Member, this unit also displays local green zeolitic alteration of normally white and gray tuffaceous matrix material. Its exposed thickness is variable, with a maximum of 66 m. This conglomerate unit lies unconformably on Cambrian and Ordovician rock units, and its upper contact with the Cache Valley Member is gradational (Fig. 5) . The unit pinches out to the north, indicating the presence of a drainage divide between this shallow basin and the Skyline Member half-graben.
Clasts in the lower conglomerate unit consist mostly of Lower Paleozoic carbonates, quartzite, and chert, with lesser Neoproterozoic quartzite and Upper Paleozoic calcareous sandstone and limestone (Fig. 8B) . The Upper Paleozoic clasts were probably sourced from exposures to the west in the Samaria Mountains area (Platt, 1977) . The presence of 4% recycled tuffaceous Salt Lake Formation clasts within the conglomerate (Fig. 8B ) may indicate a partial source from the Skyline Member to the north, which would require the base of the lower conglomerate unit to be younger than ~12 Ma. The lower conglomerate unit represents a thin, basal layer that filled low-relief paleovalleys in the south half of the Henderson Creek Quadrangle prior to 10.2 Ma. Based on its moderate sorting, locally well-rounded clasts, and the presence of Upper Paleozoic clasts probably derived from the west, this unit may have been deposited by an east-flowing stream system.
Cache Valley Member
The Cache Valley Member, the most widely exposed unit of the Salt Lake Formation, consists of a thick section of interbedded lacustrine limestones, tufas, tuffaceous siltstone and sandstone, and primary tephra beds. Tuffaceous beds and ash fall deposits represent ~60% of the unit. Studies of the Cache Valley Member north and northeast of the map area (Janecke and Evans, 1999; Carney, 2002) document the presence of extensive green zeolitic alteration of tuffaceous lithologies, suggesting periodic saline-alkaline lake conditions. In the Henderson Creek quadrangle, green alteration is locally present, but not nearly as prevalent.
The thickness of the Cache Valley Member is estimated from cross section to be >610 m. Tephra correlation data from seven different samples show that the member was deposited between 10.21 ± .03 Ma and <9.16 ± .04 Ma (Fig. 6 ). In the southern part of the map area, biotite-bearing tuff beds that correlate with the 10.21-Ma Arbon Valley Tuff Member of the Starlight Formation lie at or near its base. The Cache Valley Member lies in unconformable contact on Lower Paleozoic and Paleocene-Eocene (?) units, in depositional contact with the two basal conglomerate units of the Salt Lake Formation, and interfingers with the conglomerate of the Third Creek Member (Fig. 5) .
Due to the presence of root tubules, caliche nodules, algal laminations, and fossils, we interpret the Cache Valley Member as a shallow lake deposit. This lake was regional in scale and is interpreted to have formed above the subsided, coherent hanging-wall block of the Bannock detachment system, shortly after its inception . The tufa-rich facies of the member, which dominates the western half of exposures, contains abundant macro-and microfossils (ostracodes, gastropods and pelecypods), and abundant rhizoliths. These deposits probably represent lake-margin bioherms (Ford and Pedley, 1996) and may also be associated with hydrothermal circulation along active faults. The tufa facies grades laterally to the east into a facies dominated by medium-bedded micritic limestone and tuffaceous rocks. This facies may represent deeper-water deposits that are more distal to the lake margin. The tuffaceous siltstone-rich section of the Cache Valley Member farther north in the Malad City East quadrangle exhibits extensive green zeolitic alteration, and likely represents deeper-water, periodically saline-alkaline portions of the lake .
Third Creek Member
The conglomeratic Third Creek Member of the Salt Lake Formation is exposed in the southern end of the map area, in close proximity to the Steel Canyon fault, a major Late Miocene structure (Fig. 3) . This unit interfingers with the Cache Valley Member along strike (Fig. 5) . Tephra correlation data show that the Third Creek Member is between 9.99 ± .05 and <9.20 ± .09 Ma, which is the same age as the upper 80% of the Cache Valley Member (Figs. 5 and 6 ). The Third Creek Member consists of pebble-to-cobble conglomerate with a tuffaceous matrix and a minimum exposed thickness of 381 m. Clasts are subangular to rounded and moderately sorted; bedding is medium to thick and locally massive, and beds are more commonly matrix-supported than clast-supported. Sedimentary structures in the conglomerate include small-scale, tangential cross bedding, scour surfaces, graded bedding, and upward-fining sequences. Clasts in the Third Creek Member are mostly Brigham Group quartzites and Lower Paleozoic carbonates, quartzites, and chert (Fig.  8C) , which are currently exposed in the footwall of the Steel Canyon fault (Fig. 3) . However, nearly 20% of the clasts are Upper Paleozoic sandstone and limestone, probably derived from exposures in the Samaria Mountains area to the west (Platt, 1977) . The presence of 3% recycled tuffaceous and carbonate Salt Lake Formation clasts suggests local incorporation of reworked and uplifted beds of the Cache Valley Member.
The Third Creek Member is interpreted as a clastic wedge sourced from the footwall highlands of the active Steel Canyon fault, based on facies and clast count evidence in the structural geology section listed below. The presence of well-rounded and well-sorted clasts near the base of the Third Creek Member may indicate a beach or stream environment, and the interbedded nature of the contact with the Cache Valley Member may indicate that fluvial and beach systems were only active during lake lowstands.
STRUCTURAL GEOLOGY Introduction
Four separate sets of normal faults, each representing different episodes of Tertiary extensional deformation, are present in the study area. The oldest fault set includes east-striking normal or strike-slip faults interpreted as Paleocene-Eocene (?) in age based on field relations with the Wasatch (?) Formation. The youngest fault set consists of Pliocene-Quaternary Basin and Range structures that cut across all older faults and bound modern topographic features. Intermediate in age between these two fault sets are a set of north-to north-northwest-striking Middle to Late Miocene normal faults, interpreted to be syntectonic with the deposition of the Salt Lake Formation. Most structures of this set are interpreted to be associated with Late Miocene hanging-wall deformation above the Bannock detachment system. However, a subset of syntectonic normal faults associated with the Skyline Member is thought to represent an isolated Middle-to-Late Miocene extensional event that preceded slip on the Bannock detachment system and produced an east-tilted half-graben in the northern part of the quadrangle.
Paleocene-Eocene (?) Normal Faults
A set of east-striking normal faults is exposed in the north half of the study area (Fig. 3) . These faults are cut by Miocene and younger structures, and were responsible for an estimated 8% north-south extension. Certain faults of this set show evidence for preor syn-Wasatch (?) Formation displacement. For this reason, we interpret this fault set to be PaleoceneEocene (?) or older in age, and to represent the earliest episode of Tertiary extension. It is also possible that some structures of this set may have originated as tear faults associated with Sevier orogeny thrusting, but no kinematic indicators were found to support this interpretation.
One major structure from this set, the Willow Spring fault, shows evidence for slip during deposition of the Wasatch (?) Formation. First, the fault has an estimated dip-slip displacement of over 850 m for Paleozoic units, but the offset of the Wasatch (?) Formation is much less. Second, the conglomerate and boulder units of the Wasatch (?) Formation in the hanging wall both increase in thickness in proximity to the fault. Third, the boulder unit is present on both sides of the Willow Spring fault, and the conglomerate unit is only present in the hanging wall. Finally, the boulder unit overlies Ordovician rocks in the footwall of the Willow Spring fault, and Silurianand Devonian-age rocks in the hanging wall. This means that significant uplift and erosion of the footwall must have occurred between the time of fault slip initiation and the time of deposition of the boulder unit.
In addition to syn-Wasatch (?) Formation slip, parts of the Willow Spring fault may have been reactivated in the Middle to Late Miocene. The east-striking Spring Trail fault (Fig. 3) , which formed the southern edge of the half-graben in which the Skyline Member of the Salt Lake Formation was deposited, may connect with the Willow Spring fault at depth, and may represent a Miocene reactivation of the PaleoceneEocene (?) structure (see discussion below).
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Middle to Late Miocene Normal Faults
The Red Knoll, Trespass, and Spring Trail faults (Fig. 3) are interpreted as Miocene structures that formed the north-striking ~12-10-Ma Skyline Member half-graben, prior to development of the Bannock detachment system . The Red Knoll fault is the main fault of this set; this structure has a variable north-northeast to northwest strike, and probably has a planar down-dip geometry, based on the lack of folding of the Salt Lake Formation in its hanging wall. Along the majority of its length, the Red Knoll fault places the Skyline and Cache Valley Members on Paleocene-Eocene (?) and older units (Fig. 3) . Dip-slip on the Red Knoll fault is estimated at a maximum of 915 m.
The following field relations show that the Skyline Member records syntectonic sedimentation during motion on the Red Knoll fault. First, unit thicknesses change markedly across the fault; in the hanging wall, an extensive exposure of the Skyline Member is estimated at over 680 m thick, while a much thinner section of the Skyline Member (<100 m) is present within its footwall. Second, less than 1 km east of the Red Knoll fault, in the footwall of the Trespass fault, the Skyline Member is absent, and the Cache Valley Member is in depositional contact with Paleozoic and Eocene units. Janecke and Evans (1999) also showed that the Skyline Member is completely absent east of the Red Knoll fault just to the north of the map area. Based on these relationships, the Red Knoll and Trespass faults are interpreted to have been active during deposition of the Skyline Member between 11.9 and 10.2 Ma. However, both faults also cut the base of the Cache Valley Member, so they either remained active after 10.2 Ma, or were both reactivated at a later time.
Dip-slip on the Red Knoll fault decreases significantly south of the east-striking Spring Trail fault. This structure truncates against the Red Knoll fault on its east end, and forms the square-shaped southern boundary to the Skyline half-graben. The Spring Trail fault merges with the east-striking Paleocene-Eocene (?) Willow Spring fault on its western end (Fig. 3) . The Spring Trail fault may represent a reactivation of part of the Willow Spring fault, and the two may be connected at depth. Also, given its orthogonal strike to the Red Knoll fault, it is possible that the Willow Spring fault is a transfer structure or an oblique-slip normal fault with a significant strike-slip component, but no kinematic evidence was found to support this interpretation.
Late Miocene Normal Faults
Structures of the Late Miocene normal fault set generally strike north and north-northwest, and dip both west and east. Dip angles for these structures vary between 40º and 67º, and west-dipping faults generally have a slightly shallower dip. Fault spacing varies between 200 and 2,000 m, and dip-slip displacement for nearly all of the structures of this fault set is on the order of 100-1000 m. Cross-section restorations indicate that these faults, along with the Middle to Late Miocene faults associated with the Skyline half-graben, were responsible for 16% east-west extension of the map area. Certain faults of this set, such as the Steel Canyon fault described below, are interpreted to be syntectonic with the Late Miocene Cache Valley and Third Creek members of the Salt Lake Formation.
The Steel Canyon fault is a northwest-striking, northeast-dipping Late Miocene normal fault that is exposed in the southern half of the map area (Fig.  3) . This structure is antithetic to the top-to-the-west low-angle normal faults of the Bannock detachment system. Synthetic faults dominate the hanging wall of the detachment system, but antithetic faults are also documented farther east . The dip of the Steel Canyon fault is estimated at 67˚, and its geometry is interpreted as listric, based on field relations that suggest rollover of the Salt Lake Formation in parts of its hanging wall. Estimates of dip-slip displacement along the fault vary from 450 to 1,900 m, and show that throw may increase to the northwest. The Steel Canyon fault places the Cache Valley and Third Creek members of the Salt Lake Formation on Neoproterozoic and Cambrian rocks throughout its length.
Facies relationships within the Salt Lake Formation suggest that the Steel Canyon fault was active during deposition of the Cache Valley and Third Creek members. First, the western part of exposures of the Cache Valley Member, within 5 km of the Steel Canyon fault, are dominated by ledge-forming tufa deposits, which are interpreted as a shallow-water, lake-margin facies (Fig. 3) . Second, most of the Third Creek Member was only deposited within 1 km of the Steel Canyon fault (Fig. 3) , where it interfingers with the Cache Valley Member. The Third Creek Member is interpreted to represent coarse alluvial deposits shed off of the footwall highlands of the active structure. Third, clast counts within the Third Creek Member show that clasts compatible with footwall derivation increase in number and coarsen with proximity to the structure (Fig. 9) . Moving upsection in the unit, toward the Steel Canyon fault, a 108% increase in the number (Fig. 9A) and a 34% increase in the average size (Fig. 9B ) of footwall-derived Brigham Group and Lower Paleozoic clasts is observed, and most clasts show a poorer degree of sorting and an increase in angularity. These three lines of evidence suggest that this fault was active for the majority of Late Miocene deposition. Since the Third Creek Member is only present along a fraction of the fault trace, the Steel Canyon fault is interpreted as an intrabasinal fault rather than a basin-bounding structure.
Pliocene-Quaternary Basin-and-Range Normal Faults
The youngest set of faults in the map area formed during the Basin and Range phase of high-angle normal faulting. The main structures from this set are the Clarkston Mountain and Malad City segments of the Pliocene-Quaternary Wasatch fault, which define a faulted, right-stepping relay ramp (Fig. 3) . These structures were responsible for ~9% east-west extension of the map area since the Pliocene, indicating that the Henderson Creek quadrangle has been extended 25% in this direction since the Middle Miocene.
The Wasatch fault is a regional-scale, active, north-striking, west-dipping normal fault system that runs from central Utah, along the Wasatch Front, to southeast Idaho. In the map area, the Wasatch fault system consists of the north-northwest-striking Clarkston Mountain and Malad City segments, originally defined by Machette et al. (1992) . Throw on the Malad City segment is estimated by Zoback (1983) to be 2.56 km just to the north of the study area. Machette et al. (1992) found no evidence for post-Lake Bonneville activity on these two segments of the fault, and infer latest activity in the Late Pleistocene. The Clarkston Mountain segment terminates near a shallowly buried bedrock ridge in the middle of Malad Valley, as interpreted from gravity data (Zoback, 1983; Eversaul, 2004) .
The presence of a segment boundary in the study area was documented by Machette et al. (1992) and was originally described as a complexly faulted bedrock salient. However, we reinterpret the geometry of this boundary as a faulted relay ramp formed from a 2.5-3.5-km-wide en echelon right step between the two fault segments. This is based on map data indicating the continuation of the Malad City segment into the Malad Range, which shows a northward increase in displacement (Fig. 3) (Long, 2004; Long et al., 2004) .
Late Cenozoic Extensional Folding
Several folds deform the Salt Lake Formation in the study area at a variety of scales and attitudes (Fig. 3) . These folds are interpreted as extensional in origin, similar to those documented by Janecke et al. (1998) , because no contractional faults are present in the study area. Collectively, these folds are interpreted as the result of internal hanging-wall deformation that accompanied normal faulting, with most folds interpreted as rollover anticlines that formed above listric faults of Late Miocene or Pliocene-Quaternary age. In the southern half of the study area, the folds collectively form a north-northwest-trending, faulted antiformal accommodation zone, using the terminology of Faulds and Varga (1998) . This antiform is represented by the Jenkins Hollow anticline in the southern end of the map area (Fig. 3) , but consists of two parallel anticlines with an intervening faulted syncline further to the north. The antiform is cut by several small-offset normal faults, which may be indicative of rollover anticline crestal collapse, but spatial and temporal relationships between the folds and faults are unresolved. The inward-dipping Late Miocene Steel Canyon and Pliocene-Quaternary Deep Creek faults bound the east and west sides of the antiformal zone, and are interpreted as listric at depth. Together, these two faults of differing age probably produced the antiformal fold system as a complex double-rollover anticline in multiple phases of Late Cenozoic extension. However, this interpretation is complicated by the fact that similar dip domains in their hanging walls persist into the footwalls of both structures. It is also possible that the western limb of this anticline is still growing due to westward tilting above an eastdipping structure buried along the west edge of Malad Valley. Gravity studies suggest the presence of a large east-dipping normal fault on the western margin of Malad Valley (Zoback, 1983; Eversaul, 2004) , which may have steepened the dip of the west limb of the antiform over time. 
TERTIARY EXTENSION AND DEPOSITION IN SOUTHEAST IDAHO
DISCUSSION
Interpretation of Extension and Basin Development
Paleocene-Eocene (?) Wasatch Formation
In the study area, the Wasatch (?) Formation is interpreted to record an episode of north-south extension of Paleocene-Eocene (?) and older age. The Willow Spring fault is interpreted to be syntectonic with Wasatch (?) Formation deposition. As slip along this structure initiated, an east-striking PaleoceneEocene (?) half-graben was formed and the conglomerate unit was deposited in its hanging wall (Fig.  10A ). Silurian and Devonian units were eroded off of the footwall during deposition, and were presumably transported to the north, where they are preserved as clasts in the Wasatch conglomerate. The presence of externally derived Upper Paleozoic or Mesozoic clasts indicates that the conglomerate was probably deposited by an east-or west-flowing stream system.
As the Willow Spring fault continued to slip, units in its footwall eroded to the level of the Ordovician Swan Peak quartzite. This unit served as the main source for clasts of the Wasatch Formation boulder beds, which were transported, likely by debris flows, to the north as a coarse fan gravel (Fig. 10B) . At the end of slip and deposition, a few thin beds of the boulder unit were deposited across the Willow Spring fault and its footwall. This is consistent with studies to the south of the map area, where the formation consists of a thin, coarse, unconsolidated rubble sheet, dominated by Paleozoic quartzite clasts (Biek et al., 2003) .
Skyline Member
The Middle to Late Miocene Skyline Member of the Salt Lake Formation was deposited in a northstriking three-dimensional half-graben, here named the Skyline subbasin, in the north half of the study area. This basin was bounded on the east by the westdipping Red Knoll and Trespass syntectonic normal faults, and on the south by the north-dipping Spring Trail syntectonic normal fault (Fig. 10C) . Thickness relationships between the Skyline Member and these structures provide evidence for an isolated extensional event as old as 11.93 Ma, which predates slip on the Bannock detachment system .
The unit was deposited as an alluvial apron composed of coarse-grained, locally sourced CambrianDevonian clasts. The Skyline Member also contains detrital zircons that may have been derived from a stream that drained the Owyhee-Humboldt volcanic field in southwest Idaho (Link et al., , 2005 Beranek, 2005) .
Overall, the Skyline subbasin has an estimated north-south length of ~11 km, based on the extent of the Red Knoll growth fault within (Long, 2004) and north of the map area (Janecke and Evans, 1999; Janecke et al., 2003) . The southern end of this basin coincides with the east-striking Spring Trail fault, which truncates against the Red Knoll fault on its east end. This structure forms a square-shaped southern end to the basin (in map view), and eliminates most of the section of the Skyline Member in its footwall. The Spring Trail fault may have a significant component of strike-slip, due to its orthogonal strike to the Red Knoll fault, but no kinematic indicators were found to support this hypothesis. The Spring Trail fault merges with the Willow Spring fault on its west end, which indicates that the two structures may be 
Lower conglomerate unit
The lower conglomerate unit of the Salt Lake Formation represents a basal conglomerate that filled pre-existing topographic lows, based on significant thickness variations seen at its few exposures, and abrupt pinch-outs over short distances. A local high percentage of Upper Paleozoic clasts indicates that the conglomerate may have had a partial source from the Samaria Mountains area to the west, which contains the closest exposures of Upper Paleozoic rocks (Platt, 1977) . Therefore, the conglomerate may have been deposited by east-flowing streams (Fig. 9C) .
Cache Valley Member
In the Henderson Creek Quadrangle, the Cache Valley Member of the Salt Lake Formation contains a tufa-rich lake-margin facies that interfingers with coarse basin-margin deposits of the Third Creek Member. The lacustrine system was active from ~10.2 Ma to at least ~9.2 Ma. The Steel Canyon fault began to slip by at least ~10 Ma and formed a local highland within the lacustrine basin (Fig. 10D) . Adjacent to the Steel Canyon fault, the tufa-rich facies of the Cache Valley Member was deposited in a shallow, freshwater lake-margin setting. To the north of the map area, the lake underwent a saline-alkaline phase during this time period, which produced zeolites in tuffaceous beds (Carney, 2002; Janecke et al., 2003) . However, deposits in a single lake can range from freshwater to hypersaline, just as they can range from carbonateto siliciclastic-rich, with variable tectonic influences (Carroll and Bohacs, 1999) . Also, it is possible that the inflow of fresh water from streams into the lake kept water fresh along the margins, while conditions in the interior of the lake remained saline. Northeast of the lake-margin facies, the micrite and tuffaceous siltstone-rich facies of the Cache Valley Member was deposited in a more distal part of the lake than the tufa (Fig. 10D) , and farther east, altered tuffaceous beds in the Weston Canyon quadrangle may represent the interior of the Cache Valley Member lake (Steely .
Third Creek Member
The Third Creek Member of the Salt Lake Formation was deposited as a localized clastic wedge, with a source in the footwall of the active Steel Canyon fault (Fig. 10D ). This structure probably formed an intrabasinal high within the lake system, based on the regional distribution of Cache Valley Member deposits and the presence of the Third Creek Member along only a fraction of the fault's length. The ~10.0-<9.2-Ma age of the member indicates that deposition was coeval with the upper part of the Cache Valley Member section. The base of the Third Creek Member section is interpreted as beach or stream deposits, due to a high percentage of rounded and weathered Upper Paleozoic clasts. These may have been brought in from a stream system sourced from the Samaria Mountains area to the west, which contains Upper Paleozoic rocks (Platt, 1977) (Fig. 10D) . The upper section of the Third Creek Member is interpreted as an alluvial fan deposit, shed from the footwall highlands of the Steel Canyon fault. An upsection increase in the number and average size of Lower Paleozoic and Brigham Group clasts indicates the unroofing of the footwall of the Steel Canyon fault.
Extensional folding and Pliocene-Quaternary faulting
The hanging wall section east of the Steel Canyon fault was complexly folded and faulted into a broad antiformal zone as a result of separate Late Miocene and Pliocene-Quaternary episodes of extensional faulting. The Jenkins Hollow anticline and associated north-northwest-trending folds were formed from rollover and internal hanging wall deformation above the Late Miocene Steel Canyon fault and the Pliocene-Quaternary Deep Creek fault (Figs. 10D and E) . It is possible that this antiform was affected by deformation within the relay ramp between the stepping segments of the Pliocene-Quaternary Wasatch fault, and that its west limb was steepened by a fault within Malad Valley. The segments of the Wasatch fault accommodated relative uplift of the Malad Range and subsidence of Malad Valley (Fig. 10E) .
IMPLICATIONS
Interpretations made in this project have several implications for our understanding of the complex structural and tectonic development of the northeast margin of the Basin and Range province. Prior to this study, it was suggested that the Bannock detachment system represents Miocene and younger, low-angle, high-magnitude extension in this part of the Basin and Range province followed by low-magnitude extension along the currently active Wasatch and West Cache fault zones (Janecke and Evans, 1999; Carney, 2002; . Our study furthers understanding of this detachment system, through analyzing deformation and syntectonic deposition in its hanging wall, and more clearly separating pre-and post-detachment faulting episodes of extension. Hanging-wall features that we recognized, including synthetic and antithetic faults, complex zones of extensional folds that formed sequentially, and the amount of internal extension, all have implications for the evolution of the upper blocks of low-angle fault systems with progressive extension. Dating of the wedge of conglomerate shed into the lacustrine basin from the footwall block of the large Steel Canyon antithetic normal fault shows that the hanging wall of the Bannock detachment fault began to break up very early in its history, perhaps as little as 0.2 million years after its inception.
In addition to detachment-related implications, our study shows that extension began in the region in the Paleocene-Eocene (?), and was followed by three episodes of late Cenozoic east-west extension. Our study expands the area of documented PaleoceneEocene (?) extension, but shows that it was directed north-south, rather than east-west, as interpreted in the next mountain range to the east (Oaks and Runnells, 1992) . We show that a graben-forming extensional event during deposition of the Skyline Member of the Salt Lake Formation predated slip on the Bannock detachment system, and produced a rectangular half-graben in plan view due to reactivation of a north-dipping Paleocene-Eocene (?) normal fault at its south end. Finally, the detrital zircon data that suggest ~10-Ma eastward transportation of grains from volcanic fields in southwest Idaho are consistent with previous studies (Link et al., , 2005 Beranek, 2005) about the develop-ment of drainage systems in southern Idaho during northeast passage of the Yellowstone hot spot.
CONCLUSIONS
The Malad Range of southern Idaho and northern Utah experienced four distinct episodes of Cenozoic extension, each of which was accompanied by synextensional sedimentation. A Paleocene-Eocene (?) and older set of east-striking normal faults is interpreted to be associated with deposition of the Wasatch (?) Formation, a conglomeratic-and boulder-rich unit deposited in a south-tilted half-graben formed by from slip on the Willow Spring fault.
Starting at ~12 Ma, Middle and Late Miocene north-northwest-striking normal faults formed in two distinct events recorded by synextensional strata of the Salt Lake Formation. The 11.9-10.2-Ma Skyline Member predates slip on the Bannock detachment system and was deposited as alluvial fans in a three-dimensional, east-tilted half-graben bound by the Red Knoll, Trespass, and Spring Trail syntectonic normal faults. The second and more extensive Late Miocene extensional event is associated with slip and subsequent breakup of the hanging wall of the regional Bannock detachment system. The 10.2-<9.2-Ma Cache Valley Member consists of carbonate and tuffaceous deposits of a lake system that formed in a regionally continuous basin above the detachment (Janecke and Evans, 1999; Carney, 2002; Janecke et al, 2003; Carney and Janecke, 2005) . The 10.0-<9.2-Ma Third Creek Member, which interfingers with the lacustrine deposits, represents a coarse clastic wedge which was sourced from the footwall of the intrabasinal Steel Canyon syntectonic normal fault.
The most recent stage of extension in the study area involved Pliocene-Quaternary normal faulting. The active Wasatch fault is the largest structure associated with this event and consists of two right-stepping segments separated by a faulted relay ramp. This differs from a previous interpretation as a bedrock salient (Machette et al., 1992) . Extensional folds identified in Miocene deposits in the map area form a broad, complexly faulted antiformal zone, and are interpreted as the result of double-rollover above two oppositely dipping listric structures of different age, the Late Miocene Steel Canyon fault and the Pliocene-Quaternary Deep Creek fault.
